Abstruct-A novel soft-switched inverter topology is derived from the passively clamped quasi-resonant link (PCQRL) circuit. By introducing magnetic coupling between the two resonant inductors, the number of auxiliary switches can be reduced from two to one, and only a single magnetic core is required for the resonant dc link. An analysis of this novel PCQRL topology with coupled inductors is presented to reveal the various softswitching characteristics. In comparison with the conventional passively clamped, continuously resonant dc link inverter, this soft-switched inverter can reduce voltage stresses from more than 2 per unit (pu) to 1.1-1.3 pu. It can also provide softswitched pulse-width modulated (PWM) operation. Simulation and experiment are performed to backup the analysis.
I. INTRODUCTION HE EMERGENCE of soft-switched topologies for
T power conversion has brought new perspectives to high-performance inverter design. In particular, the resonant dc link converters [I]- [4] , which promise to be the next generation of industrial drives, have received considerable research interest. A more recent trend seems to have evolved from continuously resonant to quasi-resonant strategies owing to the various benefits regarding resonant link design and control, device rating requirements, and compatibility to pulsewidth modulated (PWM) and other conventional drive control techniques [5]-[ 121. A new type of soft-switched voltage source inverter-the passively clamped quasi-resonant link (PCQRL) inverter-had been proposed in [13] . The PCQRL topology has the advantages of low clamp factor, simple resonance control, guaranteed zero link voltage conditions, and PWM capabilities.
However, the penalties are the relatively high device count associated with the auxiliary switched inductor circuit and the high reverse voltage requirement for the clamp diode. A solution to the drawback of large device count is the introduction of magnetic coupling between the two resonant inductors by making them share the same magnetic core, as shown in Fig. 1 . With magnetic coupling the current in the auxiliary inductor L2 can reverse during the resonant transient, which makes it possible to use only one switch to control the operation of the auxiliary circuit. Thus, the device count for the auxiliary switched inductor circuit is reduced from two switches and one separate inductor to only one switch and an additional coil in the main resonant inductor/transformer. Other advantages include the feedback of resonant energy Manuscript received December 28, 1994; revised February 22, 1996 through magnetic coupling back to the dc bus. Thus, the stresses of clamping will be further relieved. The operation and the control requirement of the new quasi-resonant inverter with coupled inductive feedback is presented in this paper. A detailed analysis of the topology is also performed to reveal the characteristics of the inverter.
Simulation and experiment are performed to backup the theory. can be maintained for a short period of time determined by the link parameters. During mode 2, the inverter poles can then perform the commanded switching at zero-voltage condition.
OPERATION PRINCIPLES AND ANALYSIS
In the mean time, the magnetic coupling between inductors L1
and L2 causes the current in the antiparallel diodes to decrease.
Once the current in the antiparallel diodes becomes zero, the zero-voltage condition is removed, and the link resonance between L1. L2 and C regains control, and automatically charges up the capacitor voltage. This process is indicated as mode 3 ( M 3 ) . In mode 3, owing to the magnetic coupling, inductor current i 2 will reverse its direction and diode D2 becomes conducting. The switch 5'2 is then turned off in a zero-voltage switching manner. Mode 3 ends when current i z decreases to zero and diode 0 2 turns off. This result means that the auxiliary circuit is automatically disconnected from the main power circuit at the end of mode 3. In mode 4, the resonance between L1 and C keeps driving the link voltage up to the clamp voltage KV,. At this moment, clamp period (-VI5) starts to feedback excessive resonant energy to the dc source through the clamp diode D3. After mode 5 , link returns to pseudo steady-state mode 0. The same resonant cycle will repeat if another PWM command is given.
An analysis of the link operation can be performed based on the equivalent circuits shown in Fig. 3 
auxiliary circuit is disconnected from the inverter main power circuit. Once powered-up, the resonance between inductor L1 and capacitor C drives the capacitor voltage up toward 2V3 than 2 per unit (pu), the resonance between L I and G will limit the capacitor voltage, V,. between (2-K)V3 and KV,, which will gradually damp toward V, due to resonant losses. Thus, the capacitor voltage will be maintained near V, as long as the auxiliary circuit is not switched on. This state is so called (4) until it is clamped at KV,. Since the clamp factor, K . is less ' 0
Assume at time TO, a PWM switching command for the switching of the inverter
poles is given. To initiate a resonant transient, the auxiliary where
Mode 4) Link Rumps Up-Stage 2 (S2 off and D2 off, and 0 3 off): Resonance of Ll and C keeps charging capacitor C. Thus (7) with k being the coupling coefficient.
off; antiparallel diodes on):
Mode 2 ) Zero Link Voltage Condition (S2 on and 0 2 off; 0 3
The total current in the antiparallel diodes is Note that i 2 ( t ) will become negative if a proper value of M and thus k is chosen. Usually, a value of k equal to 0.75-0.95 will be able to ensure that i z ( t ) reverses its direction. It should be pointed out that the above analysis assumes the link load current I, is constant even after the inverter switches change states. In reality, however, I, may varies after switching. The actual waveforms of v.; i l and i 2 will not necessarily follow (14)-( 16). A simulation is usually performed to study the influence of dc link load current change, as will be discussed in Section IV.
v. siriw1(T3 -T 2 ) 
111. LINK DESIGN AND CONTROL SCHEME
The design of the PCQRL topology with coupled inductors as shown in Fig. 1 (20) is required to adjust the link parameters and to verify that the design specifications are met.
For a prototype inverter design, a 320-V dc bus is used. A set of parameters has been chosen as L1 = 28.89 pH, L2 = 11.8 ,uH,C = 80 nF, and k = 0.9. The turn ratio between L1 and L3 is designed as 1 : 5 to realize a desirable voltage clamp factor K = 1.2. The magnetic coupling between Ll and L2 is achieved by making Lz share the same magnetic core with L1 and L3.
To ensure voltage clamping at KV,, the leakage inductance between L I and L3 has to be minimized. Thus, the two windings of L1 and L3 are made using a coaxial structure as discussed in [ 141. The coaxial winding transformer structure gives a measured leakage inductance as low as 80 nH.
In comparison with all other resonant link inverters, the new topology appears to provide the simplest control requirement to realize soft-switched PWM modulation. Only a minimal revision to an ordinary PWM control scheme is required.
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IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 11, NO. 4, JULY 1996 ... In Fig. 4 , the block diagram for soft-switched PWM control of the inverter is included. The PWM command generator could be a space vector or a sine-triangle PWM. The state changes of PWM modulation commands are first detected by the edge detector, which generates a turn-on signal to the auxiliary switch 5'2 to initiate a resonant transient. When the link voltage reaches zero, the zero-voltage detector outputs a signal to clock-in PWM commands to the inverter switches. It synchronizes the command with the zero link instant so that the inverter only switches at zero-voltage conditions. In the mean while, the zero crossing detector senses the current reversal in inductor L2 to output a turn-off signal to switch S2.
As is evident from control circuit shown in Fig. 4 , the operation of the link relies on a link zero-voltage detector to indicate soft-switching instants and a current sensor to measure the current reversal in the auxiliary switch S2. Therefore, more complicated control is required in comparison with hard switching.
Iv. SIMULATION AND EXPERIMENTAL RESULTS
A simulation based on above link parameters in the prototype design was performed to verify the analysis and to reveal the link performance at various load conditions. At t = 0, the initial current in I ; l , z 1 . and the dc link load current, I,, are both equal to 50 A. The initial capacitor voltage was set to 320 V. The auxiliary switch S2 is turned on at t = 0. The simulated link voltage and current waveforms are shown in link voltage produces a dvldt of about 500 Vlps, a desirable value often recommended by the industry. The worst operating condition for resonant link is when a reversal of dc link current, I,, happens during mode 3. A link current reversal from positive 50 A to negative 50 A, as shown in Fig. 5 , is simulated. It is seen that the rising edge d v / d t becomes much larger due to capacitor charge-up by the reversed link current. However, the current in auxiliary switch, iz; is not, in fact, affected. Most of the energy is fed back through the clamp winding to the dc source. This is an advantage over the active clamp resonant link where the possibility of link load current reversal causes the clamp switch to be rated at a much high rating.
Due to the quasi-resonant or the so-called resonant transition property, all these waveforms suggest a small resonant duty cycle and small peak resonant currents. It is apparent that the resonant energy circulating inside this quasi-resonant converter will be considerably smaller than the conventional continuous resonant dc link converters.
Based on the above link parameters, the novel quasiresonant inverter topology of Fig. 1 with a 320-V dc bus was constructed. The dc bus voltage was provided by a three-phase rectifier in the experiment. The auxiliary switch, 5'2, is turned on whenever a resonant transient is required for zero-voltage switching, while its turn-off is based on the current reversal in inductor L2. To demonstrate its PWM operation, a three-phase sinetriangle PWM command generator was implemented as in Fig. 4 to control the six inverter switches. The triangle carrier or the inverter switching frequency is 5 KHz. The output of the soft-switched inverter is connected directly to a threephase, 240-V induction motor rated at 3 horse power. Fig. 8 plots the PWM link waveforms when the motor is operating under zero mechanical load. The curves shows that the inverter behaves satisfactorily over all operation conditions of a typical motor-inverter drive system. Fig. 9 . It is seen that there is some distortion in the motor current. One reason for the distortion is accounted by the distortion present in the reference signals of the sine and triangle waveforms of the present controller. Another reason, however, has to be attributed to the minimum link pulse requirement in the resonant inverter. In fact, every time after 5'2 is turned on and a resonant transient is initiated, it can not be turned on again in less than a certain minimum period. In the experimental design, a 1 0 -p~ minimum pulse limitation has been imposed. Due to the pulse limitation, those state changes in the PWM command that occur less than 10 ps after a previous change is made will be ignored by the control circuit. Some modification to the sine-triangle PWM is needed to prevent consecutive state changes that are less than a minimum pulse period apart. Another solution to the problem is to use space vector PWM modulation, which would incorporate the minimum pulse requirement. Research on these aspects of quasiresonant converter control is continuing.
V. RELATED TOPOLOGIES
The problem with high reverse voltage in the clamp diode can be elegantly solved in the case of battery source operation such as in electric vehicle drives. In fact, with a battery source, the clamp diode can be connected to a low voltage battery group with a voltage equal to ( K -l)V,, as shown in Fig. 10(a) , where K i s the desired link clamp factor. In this case, the turn ratio of the clamp transformer, T . can be designed to be 1 : 1 instead of the original 1 : 1 / ( K -1). Therefore, the maximum reverse voltage of clamp diode becbmes only 2Vs instead of the previous value (1 + 1/(KAnother even more simplified structure, which is also of considerable practical interest, can be derived by connecting the clamp diode directly to a separate low voltage dc source, as shown in Fig. 10(b) . To implement this diode-clamped quasiresonant link, the low voltage dc source shown can be a separate low-voltage battery in the case of electric vehicles. In the case of a diode bridge rectifier, a capacitor and a dc-to-dc regulator to maintain its voltage could be a practical solution as the cost and switching losses for such a low-power dcto-dc converter may be less than those of the passive clamp transformer.
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VI. CONCLUSION
The PCQRL inverter is able to provide an optimal structure for soft switching with low device ratings, simple topology, easy link implementation, and control. The PCQRL topology yields the smallest device count by introducing magnetically coupled inductors in a single core. A simplification that does not require a complicated clamp transformer is also offered for practical implementation. The operation principles and link resonance control of the novel PCQRL inverter with coupled inductors are investigated. Link waveforms and operation modes are analyzed to reveal various soft switching characteristics. Successful operation of this novel PCQRL inverter with coupled inductors was demonstrated both in simulation and in an experimental implementation.
